Calculating the ambient dose equivalent of fast neutrons using elemental composition of human body 
Introduction
The ambient dose equivalent, H * (10), at a point in a radiation field, is the dose equivalent, which would be produced by the corresponding expanded and aligned field in the sphere of International Commission on Radiation Units and Measurements (ICRU) at a depth of 10 mm on the radius opposing the direction of the field. ICRU sphere is the sphere that is 30 cm in diameter and its density equals to 1 g/cm 3 . This sphere consists of 4-elemental compositions (percentage by mass) of 76.2% oxygen (O), 11.1% carbon (C), 10.1% hydrogen (H), and 2.6% nitrogen (N). This sphere phantom nearly approximates the human body [1] . In contrast, from the anatomy of human body, there are twenty-six different chemical elements normally are present in the human body. Four elements are called the major elements, whereas 8 other elements are called the lesser elements, and 14 other are called trace elements. The major elements constitute about 96% of the body's mass: 65% oxygen (O), 18.5% carbon (C), 9.5% hydrogen (H), and 3.2% nitrogen (N). The lesser elements are calcium, phosphorus (P), potassium (K), sulfur (S), sodium (Na), chlorine (Cl), magnesium (Mg), and iron (Fe). The trace elements are aluminum (Al), boron (B), chromium (Cr), cobalt (Co), copper (Cu), fluorine (F), iodine (I), manganese (Mn), molybdenum (Mo), selenium (Se), silicon (Si), tin (Sn), vanadium (V), and zinc (Zn). The lesser elements and trace elements constitute 4% of the body's mass [2, 3] . Therefore, there are differences in elemental compositions between ICRU sphere and human body. Neutrons are uncharged particles, they can travel appreciable distances in matter without undergoing interactions. When neutrons fall into tissues, they may collide with atoms by an elastic or inelastic reaction. In the elastic reaction, the total kinetic energy of the incoming particle is conserved whereas, in the inelastic collision, the nucleus absorbs some neutron's energy and it is left in an excited state [4] . Threshold neutron energy to differentiate between elastic and inelastic collisions depends on target nucleus. It varies from infinity for atoms of hydrogen to about 6 MeV for atom of oxygen to ≤ 1 MeV for uranium [5] . In general, the inelastic scattering cross section is small. It is approximately ≤ 1 barn for low-energy fast neutrons. Between 100 MeV and 25 MeV, the neutron inelastic cross section increases rapidly with decreasing energy. However, the neutron inelastic cross section decreases rapidly with decreasing energy when energy is less than 25 MeV [4] .
The absorbed dose from a beam of neutrons can be computed by considering the absorbed energy by each of the tissue elements that react with the neutrons. The type of reaction depends on the neutron's energy. For fast neutrons with energy up to about 20 MeV, the dominant mechanism to transfer energy is elastic collision and the radiation dose absorbed locally in first collision dose. It is estimated by the primary neutron flux, and by neglecting the scattered neutrons after this primary interaction [5] .
This study aimed to calculate the ambient dose equivalent rateḢ * (10) of fast neutron using the elemental compositions of human body. 241 Am-Be has been considered as a neutron source because it has been used as a calibrating source for most of the neutron surveying instruments [5] . In addition, the ambient dose equivalent rates produced by an 241 Am-Be neutron source at various source-to-detector distances have been studied in literature [6] [7] [8] .
In this present work, the neutron flux has been calculated analytically at different source-to-detector separations from 241 AmBe neutron source. Then, the ambient dose equivalent rate has been estimated with two different approaches. In the first approach, the dose rates were calculated using, the neutron cross-section, σ and elemental composition of human body tissue and the radiation-weighting factor of neutrons have been used from ICRP 103 [9] . The second approach is based on calculating the effective dose per fluence value as in ICRP 116 [1] Moreover, a comparison between the calculated ambient dose equivalent and the measured ones by neutron monitor NM2 (Nuclear Enterprise, UK NM2), as well as with the published data in literature has been carried out.
Experimental work

241 Am-Be neutron source
One hundred and eighty five GBq (5 Ci) 241 Am-Be neutron source in the form of capsule X.14 (code AMN.24), has been supplied by Amersham International PLC., Buckinghamshire, England to the Nuclear Physics Lab, Faculty of Science, King Abdulaziz University, Jeddah, Saudi Arabia. It has been corrected for the decay at the time of measurement. The capsule is a cylinder of 3 cm base diameter and 6 cm height. The schematic diagram of the 241 Am-Be source configuration is shown in Fig. 1 . The neutron emission of the source is 2.2 × 10 6 n s −1 Ci −1 , with tolerance of around 10%, and strength of 1.1 × 10 7 n s −1 [10] . The 241 Am-Be neutron source is a compacted mixture of Americium oxide with Beryllium metal powder. It is doubly encapsulated in a vacuum melted stainless steel (grade AIS1.316) sealed by argon arc welding. Typical percentage compositions are C (0.004%); Mn (1.59%); P (0.011%); S (0.008%); Si (0.37%); Cr (16.96%); Ni (13.61%); Mo (2.29%); and Fe (65.157%) [10] . The 241 Am-Be neutron source produce neutrons of wide spectrum with energies ranging from 0 eV up to 11 MeV [8, 11] , and an average energy around 4.5 MeV [5, 10, 12, 13] .
Measurement of the ambient dose equivalent
The ambient dose equivalent rate has been measured by using a neutron monitor (Nuclear Enterprise, UK NM2), provided by Nuclear Engineering Department, Faculty of Engineering, King Abdulaziz University. NM2 consists mainly of thermal neutron detector surrounded by polyethylene moderator with BF3 detector. The diameter of moderator is 21.6 cm whereas its length is 25 cm. The diameter of BF3 detector is 3 cm and its active length is 6 cm.
Analytical calculations
Ambient dose equivalent rate and elemental composition of human body
For fast neutrons, in case of the first collision, the mean absorbed dose rate in Gy/s, from neutrons whose average energies, E n , can be calculated by [5] 
Where, E n (MeV) is the average energy of neutron, (neutrons per cm 2 per second) is the neutron flux of energy E n , (fluence).
N i is the number of atoms per kilogram of the ith element, σ i is the scattering cross-section of the ith element for neutrons of energy E, in barns, and f i is the mean fractional energy transferred from neutrons to the scattered atom of ith element during the collision.
The mean fractional energy, f i , transferred from neutron to scattered atom of element ith during elastic collision is given as in [14, 15] by
Where, M i and m are the masses of the nucleus of ith element and neutron, respectively. The number of atoms per kilogram of ith element, N i is given by:
Where N v is, the Avogadro number equals to 6.022×10 26 Kilomole −1 . The calculated mean absorbed dose by Eq. (1), will be used to estimate the equivalent dose. The equivalent dose, H T, R , in tissue or organ T due to a radiation R, is given by
Where D T, R is the average absorbed dose from radiation R in tissue T and W R is the radiation-weighting factor for radiation R (incident to the body in the case of external exposure). Since W R is dimensionless, the sum is performed over all types of radiations involved [1] for irradiating by neutrons and Eq. (4) becomes;
Where, W R is the radiation weighting factor for neutrons which is given in [9] W R = 5.0 + 17.0 e − (Ln(2En )) 2 6 , for 1 MeV ≤ E n ≤ 50 MeV (6) When the average energy of neutron, E n equals to 4.5 MeV, then the radiation-weighting factor, W R equals to 12.6. For any type of radiation, the effective dose, E, can be calculated as in [1] by following equation:
Where W T is the tissue-weighting factor for tissue, T. The sum is performed over all organs and tissues of the human body [1] . If the tissues of the human body have the same elemental compositions hence for all body, T W T = 1 so the Eqs. (5) and (7) are equal, for all irradiation types to all tissues and organs. Therefore, effective dose equals to equivalent dose.
Ambient dose equivalent, H * (10) has been calculated from the relation between effective dose and ambient dose equivalent. For neutron, whose mean energy equals to 4.5 MeV, the ratio between the effective dose and ambient dose equivalent in case of antero-posterior geometry, AP, approximately equals to 1.2 [1] . An antero-posterior, AP, geometry irradiation has been selected as an appropriate geometry irradiation to calculate the ambient dose equivalent rate as used to calculate the personal dose equivalent rate by Domingo et al. [16] .
Ambient dose equivalent rate and the effective dose conversion coefficient
The ambient dose equivalent can be calculated using the conversion coefficients for radiological protection quantities for external radiation exposures [1] , from the effective dose rate,Ė that can be calculated by:
Where, (cm −2 s −1 ) and e (pSv cm²) are the fluence and the effective dose conversion coefficients (effective dose per fluence), respectively.
Calculating of fluence,
To calculate the ambient dose equivalent as discussed previously in Eq. (8), one needs to calculate the fluence, . The total fluence has been calculated at different source center-to-reference point distances perpendicular to the source axis (20-100 cm with 10 cm steps). The total fluence, (s −1 cm −2 ), from cylindrical source can be calculated at point, p, as in Fig. 2 by Eq. (9) when the self-absorption of source and the attenuation coefficient of media (air) are neglected [17] .
Where, A v (s −1 cm −3 ) is the activity per unit volume of the source, r 0 (cm) is the radius of cylinder base of source; r is the distance from the center of the source-to-reference point, p, perpendicular to the source axis. From the geometry of Fig. 3, F(θ 1 ) equals to F(θ 2 ) and can be given by Eq. (10) where θ is measured in degrees with 1% statistical uncertainty [17] F(θ ) = 0.016 θ + 0.005 (10) Table 1 shows the elastic scattering cross-section, σ i, from the [18], the atomic masses [19] , the percentage of the elemental composition in human body [2, 3] , and the mean fraction energy f i , for the elemental composition of human body (tissue). Mean fraction energy f i , was calculated according to Eq. (2), whereas the N was calculated according to Eq. (3). The mean fractional energies for trace elements (heave elements) are very small. Therefore, they can be neglected in this present calculation. Table 2 gives the calculated total neutron fluence, (cm −2 s −1 ) and F(θ ), at different distances perpendicular to the center of the source's axis obtained by Eqs. (9) and (10), respectively. The estimated values are affected by the 10 % uncertainty due to the source strength uncertainty given by the manufacturer, whereas the statistical uncertainty estimated with Eq. (10) is 1%.
Results and discussions
For neutrons whose mean energy equals to 4.5 MeV, the effective dose per fluence is obtained from the curve in Fig. 3 . This curve has been plotted from the data of table of the effective dose per fluence for mono-energetic neutrons in the CD accompanying with ICRP 116 report [1] . It has been taken as 488 pSv cm 2 for neutrons whose energy is 4.5 MeV. 
Table 1
Elastic scattering cross-section, the atomic masses, the percentage of the elemental composition in human body, and the mean fraction energy for the elemental composition of human body (tissue).
Chemical element
Percentage from the total Atomic mass (M i ) Meanfr action N(at om/kg) σ 4. 0.095 * The trace elements are present in small amount which contain 14 elements (aluminum (Al), boron (B), chromium (Cr), cobalt (Co), copper (Cu), fluorine (F), iodine (I),manganese (Mn), molybdenum (Mo), selenium (Se), silicon (Si), tin (Sn), vanadium (V), and zinc (Zn)).
Table 2
The total fluence and its uncertainty at different distances perpendicular to the center of source. Fig. 4 shows a comparison between calculated ambient dose equivalent rateḢ * (10) values of 241 Am-Be using Eqs. (7) and (8) and the one that has been measured by the neutron monitor NM2 at different distances from the center of the source perpendicular to the source axis. Table 3 summarizes the calculated ambient dose equivalent rates using the elemental composition of human body, the conversion coefficient by ICRP 116, and the measured ambient dose equivalent rate by neutron monitor NM2 at different distances perpendicular to the center of the neutron source. The ratios, between the ones calculated by the human composition and by the conversion coefficient ICRP 116, and the measured ones, which show good discrepancies within ∼ 8 % and ∼11 %, respectively. 
Table 3
The calculated ambient dose equivalent rate by using elemental composition of human body, ICRP 116, the measured values by NM2 neutron monitor, and the ratio between the calculated and the measured ones at different source center-to-reference point distances, perpendicular to the source axis. From Fig. 4 , it can be seen that the ambient dose equivalent rateḢ * (10) is inversely proportional to r 2 (source center-toreference point distance perpendicular to the source axis), which is consistent with the data reported by Mazrou et al. [6] . Fig. 4 and Table 3 illustrate that as the distances from the source increase; the measured values differ from the calculated values. This is attributed to the role of scattering by molecules of different gases that compose the air [7, 20] . The scattering of neutron might lead to minimize the energy of fast neutrons. Accordingly, the mean energy will be minimized where the effective dose of neutrons increases as the energy of neutron decreases in the range of 1 MeV up to 100 MeV [1] . Table 4 summarizes a comparison between the ambient dose equivalent rates per 1 Ci at a separation distance 100 cm that has been calculated in this present study and others reports, which were performed using the MCNP5 in Ref. [6] , using conversion coefficient ICRP 74 in Ref. [7] , and using Maxed and the Gravel code in the Ref. [8] from 241 Am-Be neutron source of different activities.
Conclusion
The ambient dose equivalent rate,Ḣ * (10) from 5 Ci 241 Am-Be neutron source has been calculated in the present study by the elemental composition of human body and by the conversion coefficient ICRP 116. A comparison between the calculated values with the measured ones by NM2 neutron monitor indicates a good agreement. Moreover, the calculated ambient dose equivalent rate per 1 Ci using the elemental composition of human body tissue is in a good agreement with the values reported by different simulation codes for the same neutron source of different activities. Therefore, the present study offers a good methodology to design a phantom that has the same elemental composition of human body (oxygen (O) 65%, carbon (C) 18.5 %, hydrogen (H) 9.5%, nitrogen (N) 3.2%, calcium (Ca) 1.5%, phosphorus (P) 1%, potassium (K) 0.4%, sulfur (S) 0.3%, sodium (Na) 0.2%, chlorine (Cl) 0.2%, magnesium (Mg) 0.1%, iron (Fe) 0.005%). These predictions give the opportunities to be used for applications in nuclear medicine.
